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(57)Abstract: 

PURPOSE: To obtain a spectrum in almost pure blue 
color by adding donor impurities and acceptor impurities 
to a light emitting layer for improving the light emitting 

intensity of a light emitting element using AIGaInN . ,- : 

semiconductor. 

CONSTITUTION: Within a light emitting diode 10, an AIN* 
buffer layer is formed on a sapphire substrate 1 and 
then a high carrier concentration n- layer 3 comprising 
silicon doped GaN, another high carrier concentration n+ 
layer 4 comprising silicon doped (Alx2Ga1-x2)y2N, 
another high carrier concentration n+ layer 4 comprising 
silicon doped (Alx2Ga1-x2)y2In1-y2N of an i layer (light 
emitting layer) 5 comprising silicon doped (Alx2Ga1-x2) 
y2In1-y2N as well as a P layer 6 magnesium doped 
(Alx2Ga1-x2)y2In1-y2N are formed on the buffer layer. 
Through these procedures, the electrons in donor level 
and the holes in acceptor level are to be recoupled on 
the light emitting mechanism so as to improve the light 
emitting intensity by mixing the light emitting layer 5 with 
the donor impurities (Si) and the acceptor impurities (Cd). 
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[Title of the Invention] 

GROUP HI NITRIDE LIGHT-EMITTING SEMICONDUCTOR DEVICE 
[Summary] 

[Object] - •■ 

The light emission intensity is increased and making a 
light emission color blue is improved. 
[Constitution] 

A buffer layer 2 of A1N of 500A is formed on a sapphire 
substrate 1. There are formed sequentially thereon, a high 
carrier density n + layer 3 of silicon-doped GaN having a film 
thickness of about 2 . 0 jjl m and an electron density of 2 X 10 18 /cm 3 , 
a high carrier density n + layer 4 of silicon-doped (Al x2 Ga 1 _ 
x2 ) y2 ln 1 _ y2 N having a film thickness of about 2.0/zm and an electron 
density of 2 X 10 18 /cm 3 , an n layer (light emission layer) 5 
of zinc- and silicon-doped (Al xl Ga 1 _ xl ) ^In^^N having a film 
thickness of about 0.5/zm, and a p layer 6 of magnesium-doped 
(Al x2 Ga 1 _ x2 ) y2 In 1 _ y2 N having a film thickness of about l.Ojum and 
a hole density of 2 X 10 17 /cm 3 . There are formed electrodes 7 
and 8 formed by nickel to be connected to the p layer 6 and the 
high carrier density n + layer 4 . They are electrically 
insulation- separated by a channel 9. The component ratio of 
Al, Ga and In of the layers 4, 5 and 6 is selected so that the 
lattice constants of the layers correspond with the lattice 
constant of the layer 3. 
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II 


What is claimed is: 

1 . A light-emitting device having a three-layer structure 
in which using a Group IH nitride .semiconductor (AlxGayln^x.yN; 
X = 0, Y = 0, X = Y = 0) , an n layer exhibiting an n conduction 
type, a p layer exhibiting a p conduction type, and a light 
emission layer interposed therebetween are formed by a 
homojunction, a single hetero junction or a double hetero 
junction, 

wherein a donor impurity and an acceptor impurity are added to 
said light emission layer. 

2. The light-emitting device according to claim 1, 
wherein said donor impurity is a Group IV element and said 
acceptor impurity is a Group II element. 

3. The light-emitting device according to claim 1, 
wherein said donor impurity is silicon- (Si) and said acceptor 
impurity is cadmium (Cd) . 

4. The light-emitting device according to claim 1, 
wherein said donor impurity is silicon (Si) and said acceptor 
impurity is zinc (Zn) . 

5. The light-emitting device according to claim 1, 
wherein said donor impurity is silicon (Si) and said acceptor 
impurity is magnesium (Mg) . 

6. The light-emitting device according to claim 1, 
wherein said light emission layer exhibits an n conduction type, 
semi-insulation, or a p conduction type depending on the density 
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ratio of the donor impurity and the acceptor impurity. 

7. The light-emitting device according to claim 1, 
wherein said donor impurity is a. Group VI element. 
8. The light-emitting device according to claim 1, wherein the 
component ratio of Al, Ga and In of said p layer and said n layer 
existing on both sides of said light emission layer and said 
light emission layer is selected so as to correspond with the 
lattice constant of the high carrier density layer n + layer of 
GaN. 

[Detailed Description of the Invention] 
[0001] 

[Field of the Invention] 

The present invention relates to a light-emitting device 
using a Group HI nitride semiconductor. 
[0002] 

[Prior Art] 

There has been known a blue light-emitting diode using 
an AlGalnN compound semiconductor. The compound semiconductor 
is of a direct transition type. Attention is given to it because 
the light emission efficiency is high and the light emission 
color is blue, one of the three primary colors of a light. 
[0003] 

It has recently been apparent that an AlGalnN 
semiconductor can be of a p type by doping Mg to irradiate an 
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electron beam thereon or by heat treatment . As a result, in place 
of an MIS type having a junction of a conventional n layer and 
a semi-insulation layer (i layer,), there is proposed a 
light-emitting diode having a double hetero pn junction using 
a p layer of AlGaN, a light emission layer of Zn-doped InGaN, 
and an n layer of AlGaN . 
[0004] 

[Problems to be Solved by the Invention] 

In the above-mentioned light-emitting diode of a double 
hetero pn junction type, Zn is doped as a light emission center 
into a light emission layer. The light emission intensity of 
the light-emitting diode of this type is improved significantly. 
The light emission intensity is desired to be further improved. 
In this manner, in the prior art light-emitting device, only 
an accepter impurity of magnesium (Mg) or zinc (Zn) is added 
into the light emission layer. The light emission mechanism of 
the device is based on transition between the conduction belt 
and the acceptor level. The energy level difference is large 
and non-light emission recombination via other deep levels is 
dominant. The light emission intensity is not high. In addition, 
the light emission peak wavelength is 380 to 440nm and is rather 
shifted to the shortwave side from the pure blue color. The 
present invention has been made to solve the above-mentioned 
problems and an object of the present invention is to increase 
the light emission intensity of a light-emitting device using 
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an AlGalnN semiconductor to obtain a spectrum closer to the pure 
blue color. 
[0005] 

[Means for Solving the Problems] - 

In the invention according to claim 1, a light-emitting 
device having a three-layer structure in which using a Group 
IE nitride semiconductor (Al^ayln^.yN; X = 0, Y = 0, X = Y = 
0) , an n layer exhibiting an n conduction type, a p layer 
exhibiting a p conduction type, and a light emission layer 
interposed therebetween are formed by a' homo j unction, a single 
hetero junction or a double hetero junction, 

wherein a donor impurity and an acceptor impurity are added to 

the light emission layer. 

[0006] 

In the invention according to claim 2, the donor impurity 
is a Group IV element and the acceptor impurity is a Group II 
element. In the invention according to claim 3, the donor 
impurity is silicon (Si) and the acceptor impurity is cadmium 
(Cd) . 
[0007] 

In the invention according to claim 4, the donor impurity 
is silicon (Si) and the acceptor impurity is zinc (Zn) . In the 
invention according to claim 5, the donor impurity is silicon 
(Si) and the acceptor impurity is magnesium (Mg) . In the 
invention according to claim 6, the light emission layer 
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exhibits an n conduction type, semi-insulation, or a p 
conduction type depending on the density ratio of the donor 
impurity and the acceptor impurity/ 
[0008] - " 

In the inventi on according to claim 7 f the donor impurity 
is a Group VI element. 

In the invention according to claim 8, the component ratio of 
Al, Ga and In of the p layer and the n layer existing on both 
sides of the light emission layer and the light emission layer 
is selected so as to correspond with the lattice constant of 
the high carrier density layer n + layer of GaN. 
[0009] 

[Operation and Effect of the Invention] 

As described above, the donor impurity and the acceptor 
impurity are mixed into the light emission layer. The light 
emission mechanism becomes a recombination of an electron at 
a donor level with a positive hole at an acceptor level so as 
to increase the light emission intensity. The recombination of 
the electron at a donor level with the positive hole at the 
acceptor level is produced in the light emission layer. As a 
result, the light emission intensity is increased. 
[0010] 

[Embodiments] 
[First Embodiment] 

In Fig. 1, a light-emitting diode 10 has a sapphire 
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substrate 1. A buffer layer 2 of A1N of 500 A is formed on the 
sapphire substrate 1. On the buffer layer 2, there are formed 
sequentially, a high carrier density n + layer 3 of silicon- 
doped GaN having a film thickness of about 2 . 0 /i m and an electron 
density of 2 X 10 18 /cm 3 , a high carrier density n + layer 4 of 
silicon-doped (Al^Ga^) ^In^N having a film thickness of about 
2.0/zm and an electron density of 2 X 10 18 /cm 3 , an i layer (light 
emission layer) 5 of cadmium(Cd)- and silicon-doped 
. (Al xl Ga 1 _ xl ) yilnj.yiN having a film thickness of about 0.5/zm, and 
a p layer 6 of magnesium-doped (Al x2 Ga 1 _ x2 ) y2 In 1 . y2 N having a film 
thickness of about 1.0/ziti and a hole density of 2 X 10 17 /cm 3 . 
There are formed an electrode 7 formed by nickel connected to 
the p layer 6 and an electrode 8 formed by nickel connected to. 
the high carrier density n + layer 4 . The electrodes 7 and 8 are 
electrically insulation-separated by a channel 9. 
[0011] 

A method for manufacturing a light-emitting diode 10 of 
this structure will be described. The light-emitting diode 10 
is manufactured by vapor growth by metal organic vapor phase 
epitaxy (hereinafter, referred to as "MOVPE") . The used gases 
are NH 3 , carrier gas H 2 or N 2/ trimethylgallium (Ga(CH 3 ) 3 ) 
(hereinafter, referred to as "TMG") , trimethylaluminum 
(A1(CH 3 ) 3 ) (hereinafter, referred to as VTMA") , trimethylindium 
(In(CH 3 ) 3 ) (hereinafter, referred to as "TMI") , dimethylcadmium 
(Cd(CH 3 ) 2 ) (hereinafter, referred to as u DMCd")/ silane (SiHJ , 
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and cyclopentadienyl magnesium (Mg(C 5 H 5 ) 2 ) (hereinafter, 

referred to as "CP 2 Mg") . 

[0012] 

A single crystal sapphire substrate 1 having, as a 
principal face, a face cleaned by organic cleaning and heat 
treatment is mounted on a susceptor placed in a reaction chamber 
of an MOVPE apparatus. While flowing H 2 at an atmospheric 
pressure at a flow rate of 2 liter//min into the reaction chamber, 
the sapphire substrate 1 is gas-phase etched at 1100°C. 
[0013] 

The temperature is lowered to 400°C to supply H 2 at 20 
liter/min, NH 3 at 10 liter/min, and TMA at 1.8 X 10' 5 mol/min 
to form the buffer layer 2 of A1N to have a thickness of about 
500 A. The temperature of the sapphire substrate 1 is maintained 
at 1150°C to form a high carrier density n + layer 3 of 
silicon-doped GaN having a film thickness of about 2.2/iin and 
an electron density of 2 X 10 18 /cm 3 . 
[0014] 

There will be described below an example of the component 
ratio of the light emission layer 5 (active layer) and the clad 
layers 4 and 6 and the crystal growth conditions when the light 
emission peak wavelength is set to 4 30nm with cadmium (Cd) and 
silicon (Si) as a light emission center. After forming the high 
carrier density n + layer 3, the temperature of the sapphire 
substrate 1 is maintained at 850*0 to admit N 2 or H 2 at 10 
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liter/min, NH 3 at 10 liter/min, TMG at 1.12 X 10" 4 mol/min, TMA 
at 0,47 X 10~ 4 mol/min, TMI at 0.1 X 10" 4 mol/min, and silane. 
There is formed a high carrier density n + layer 4 of 
silicon-doped (Al 0 47 Ga 0i53 ) 0>9 In 01 N having a film thickness of 
about 0.5/zm and a density of 1 X 10 18 /cm 3 . 
[0015] 

The temperature is maintained at 850°C to admit N 2 or H 2 
at 20 liter/min, NH 3 at 10 liter/min, TMG at 1.53 X 1CT 4 mol/min, 
TMA at 0.47 X 10~ 4 mol/min, TMI at 0.02 X 10~ 4 mol/min, DMCd at 
2 X10" 7 mol/min, and silane at 10 X 10" 9 mol/min. There is formed 
a light emission layer 5 of cadmium (Cd) - and silicon (Si) -doped 
(Al 0 3 Ga 0 7 ) 0 94 In 0 06 N having a film thickness of about 0.5^x^1. The 
light emission layer 5 is a high resistance layer. The density 
of cadmium (Cd) in the light emission layer 5 is 5 Xl0 18 /cm 3 . 
The density of silicon (Si) is 1 X10 18 /cm 3 . 
[0016] 

The temperature is maintained at 1100°C to admit N 2 or H 2 
at 20 liter/min, NH 3 at 10 liter/min, TMG at 1 . 12 X 10" 4 mol/min, 
TMA at 0.47 X 10" 4 mol/min, TMI atO.lX 10~ 4 mol/min, and CP 2 Mg 
at 2 X10" 4 mol/min. There is formed a p layer 6 of magnesium 

(Mg) -doped (Al 0 47 Ga 0-53 ) 0 . 9 In 01 N having a film thickness of about 
1.0 /zm. The density of magnesium (Mg) of the p layer 6 is 1 X 
10 20 /cm 3 . In this state, the p layer 6 is an insulator having 
a resistivity of above 10 8 Qcm. 

[0017] 
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A reflection electron diffraction apparatus is used to 
uniformly irradiate an electron beam onto the p layer 6. Under 
the electron beam irradiation conditions, an acceleration 
voltage is about 10KV, a material current is 1m A, a beam travel 
speed is 0.2mm/sec, a beam diameter is 60/zm(f>, and a degree 
of vacuum is 5.0 X 10" 5 Torr. With irradiation of the electron 
beam, the p layer 6 becomes a p conduction type semiconductor 
having a hole density of 2 X 10 17 /cm 3 and a resistivity of 2 
Qcm. In this manner, a wafer having a multi-layer structure 
as shown in Fig. 2 is obtained. 
[0018] 

Figs. 3 to 7 shown below are cross-sectional views showing 
only one device on the wafer. Actually, the wafer in which the 
device is repeated sequentially is subjected to a process to 
be cut for each of the devices. 
[0019] 

As shown in Fig. 3, an Si0 2 layer 11 is formed on the p 
layer 6 by sputtering so as to have a thickness of 2000 A. A 
photoresist 12 is coated onto the Si0 2 layer 11. With 
photolithograph, on the p layer 6, the photoresist of an 
electrode forming portion A corresponding to a hole 15 formed 
so as to reach the high carrier density n + layer 4 and a portion 
B forming the channel 9 insulation-separating the electrode 
forming portion from the electrode of the p layer 6. 
[0020] 
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As shown in Fig. 4, the Si0 2 layer 11 uncovered by the 
photoresist 12 is removed by a hydrofluoric acid etching liquid. 
As shown in Fig. 5, the p layer 6 of the portions uncovered by 
the photoresist 12 and the Si0 2 layer 11/ the light emission 
layer 5 thereunder, and part of the top surface of the high 
carrier density n + layer 4 are dry etched by supplying at a degree 
of vacuum of 0.04 Torr, a high frequency power of 0.44W/cm 2 , 
and a BC1 3 gas of lOml/min, and then, are dry etched by Ar. In 
this process, there are formed the hole 15 for taking out the 
electrode from the high carrier density n + layer 4 and the 
channel 9 for insulation separation. 
[0021] 

As shown in Fig. 6, the Si0 2 layer 11 remaining on the 
p layer 6 is removed by hydrofluoric acid. As shown in Fig. 7, 
an Ni layer 13 is formed on the entire top surface of the sample 
by deposition. The Ni layer 13 electrically connected to the 
high carrier density n + layer 4 is formed in the hole 15. As 
shown in Fig. 7, a photoresist 14 is coated onto the Ni layer 
13 to be pattern-formed into a predetermined shape by 
photolithograph so that the electrode parts for the high carrier 
density n + layer 4 and the p layer 6 remain.^ 
[0022] 

As shown in Fig. 7, with the photoresist 14 as a mask, 
the exposition part of the Ni layer 13 thereunder is etched with 
a nitric acid etching liquid. At this time, the Ni layer 13 
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deposited onto the channel 9 for insulation separation is 
removed completely. The photoresist 14 is removed with acetone 
so that the electrode 8 of the high : carrier density n + layer 
4 and the electrode 7 of the p layer 6 remain. The wafer processed 
as described above is cut for each of the devices to obtain a 
gallium nitride light-emitting device of a pn structure shown 
in Fig. 1. 
[0023] 

The light-emitting device thus obtained has a driving 
current of 20mA, a light emission peak wavelength of 430nm, and 
a light emission intensity of lOOmcd. 
[0024] 

The densities of the above-mentioned cadmium (Cd) and the 
silicon (Si) are preferably within 1 X 10 17 to 1 X 10 20 to 
increase the light emission intensity. The density of silicon 
(Si) is preferably about 1/2 to 1/10 lower than that of the 
cadmium (Cd) . 
[0025] 

The embodiment is formed into a double hetero junction 
so that the bandgap of the light emission layer 5 is lower than 
that of the p layer 6 and the high carrier density n + layer 4 
existing on both sides thereof. The component ratio of Al, Ga 
and In of the three layers is selected so as to correspond with 
the lattice constant of the high carrier density n + layer 4 of 
GaN. In addition, the embodiment uses the double hetero junction 
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structure, but may be of a single hetero junction structure. 
[0026] 

[Second Embodiment] 

Cadmium (Cd) and silicon (Si) are added to the light 
emission layer 5 of First Embodiment. As shown in Fig. 8, zinc 

(Zn) and silicon (Si) are added to a light emission layer 5 of 
Second Embodiment. After forming the high carrier density n + 
layer 3, the temperature of the sapphire substrate 1 is 
maintained at 800°C to admit N 2 at 20 liter/min, NH 3 at 10 
liter/min, TMG at 1 . 12 X 10~ 4 mol/min, TMA at 0 . 4 7 X 10~ 4 mol/min, 
TMI at 0.1 X 10" 4 mol/min, and silane. There is formed a high 
carrier density n + layer 4 of silicon-doped 

(A10.3Ga0.7) 0. 94In0.06N having a film thickness of about 0.5 

/im and a density of 2 X 10 19 /cm 3 . 

[0027] 

The temperature is maintained at 1150°C to admit, for 7 
minutes, N 2 at 20 liter/min, NH 3 at 10 liter/min, TMG at 1.53 
X 10" 4 mol/min, TMA at 0.47 X 10" 4 mol/min, TMI at 0.02 X 10" 4 
mol/min, silane at 10 X 10" 9 mol/min, and DEZ at 2 X 10" 4 mol/min. 
There is formed a light emission layer 5 of silicon (Si)- and 
zinc (Zn) -doped (Al 0-09 Ga 0 . 91 ) 0g9 In 0 01 N having a film thickness of 
about 0.5/zm. The density of zinc (Zn) in the light emission 
layer 5 is 2 X10 18 /cm 3 . The density of silicon (Si) is 1 X10 18 /cm\ 
[0028] 

The temperature is maintained at 1100°C to admit N 2 at 20 
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liter/min, NH 3 at 10 liter/min, TMG at 1.12 X 10~ 4 mol/min, TMA 
at 0.47 X 10~ 4 mol/min, TMI at 0 . 1 X 10" 4 mol/min, and CP 2 Mg at 
2 X10~ 4 mol/min. There is formed a p Layer 6 of magnesium 

(Mg) -doped (Al 0>3 Ga 0>7 ) 0#94 In 0 . 06 N having a film thickness of about 
1.0/zm. The density of magnesium (Mg) of the p layer 6 is 1 X 
10 20 /cm 3 . In this state, the p layer 6 is an insulator having 
a resistivity of above 10 8 Qcm. 

[0029] 

A reflection electron diffraction apparatus is used to 
uniformly irradiate an electron beam onto the p layer 6. The 
electron beam irradiation conditions are the same as those of 
Embodiment 1. A light-emitting diode 10 is formed by the same 
manufacturing method as Embodiment 1. The light-emitting diode 
10 has a light emission peak wavelength of 430nm and a light 
emission intensity of lOOOmcd. - 
[0030] 

[Third Embodiment] 

A light-emitting diode of Third Embodiment is of a 
structure shown in Fig. 9. The light emission layer 5 of Second 
Embodiment is added magnesium (Mg) to irradiate an electron beam 
thereto, which is of p-type. Formation of other layers except 
for the light emission layer 5 is the same as Second Embodiment. 
In addition, in the process for manufacturing the light- 
emitting diode of Second Embodiment, Cp 2 Mg is added to the light 
emission layer 5 at 2 X 10" 7 mol/min. 
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[0031] 

There is formed a light emission layer 5 of magnesium (Mg) 
zinc (Zn)- and silicon (Si)-dope.d (Al 0 ^ 09 Ga 0>91 ) 0 99 In 0 01 N having 
a film thickness of about 0.5/xm.'Iri this state, the light 
emission layer 5 is an insulator having a resistivity of above 
10 8 Qcm. The density of magnesium (Mg) of the light emission 
layer 5 is 1 X 10 19 /cm 3 . The density of zinc (Zn) is 2 X 10 18 /cm 3 . 
The density of silicon (Si) is 1 X 10 18 /cm 3 . 
[0032] 

A reflection electron diffraction apparatus is used to 
uniformly irradiate an electron beam onto the light emission 
layer 5 and the p layer 6. The electron beam irradiation 
conditions are the same as those of Embodiment 1. With the 
electron beam irradiation, the light emission layer 5 and the 
p layer 6 become a p conduction type semiconductor having a hole 
density of 2 X 10 17 /cm 3 and a resistivity of 2Qcm. 
[0033] 

[ Fourth Embodiment ] 

In a light-emitting diode of Fourth Embodiment, a light 
emission layer 5 is GaN and has a single hetero junction. One 
junction is of a high density n + layer 4 of GaN to which high- 
density silicon (Si) is added and a light emission layer 5 of 
GaN to which zinc (Zn) and silicon (Si) are added. The other 
junction is of the light emission layer 5 of GaN and a p layer 
61 of p conduction type Al 0 .iGa 0 9 N to which magnesium (Mg) is 
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added. In this embodiment , on the p layer 61, a p conduction 
type contact layer 62 of GaN to which magnesium (Mg) is added 
is formed. A channel 9 for insulation . separation is formed 
through the contact layer 62, the p layer 61, and the light 
emission layer 5. 
[0034] 

In Fig. 10, a light-emitting diode 10 has a sapphire 
substrate 1. A buffer layer 2 of A1N of 500 A is formed on the 
sapphire substrate 1. On the buffer layer 2, there are formed 
sequentially, a high carrier density n + layer 4 of silicon- 
doped GaN having a film thickness of about 4 . 0 jum and an electron 
density of 2 X 10 18 /cm 3 , a light emission layer 5 of zinc- and 
silicon-doped GaN having a film thickness of about 0.5/xm, a 
p layer 61 of magnesium-doped A10.1Ga0.9N having a film 
thickness of about 0.5/im and a hole density of 2 X 10 17 /cm 3 , 
and a contact layer 62 of magnesium-doped GaN having a film 
thickness of about 0.5/im and a hole density of 2 X 10 17 /cm 3 . 
There are formed an electrode 7 formed by nickel connected to 
the contact layer 62 and an electrode 8 formed by nickel 
connected to the high carrier density n + 4 layer. The electrodes 
7 and 8 are electrically insulation-separated by a channel 9. 
[0035] 

A method for manufacturing a light-emitting diode 10 of 
this structure will be described. The buffer layer 2 of A1N is 
formed, as in First Embodiment. The temperature of the sapphire 
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substrate 1 is maintained at 1150°C to form a high carrier 
density n + layer 4 of silicon-doped GaN having a film thickness 
of about 4.0/im, and n electron density of 2 X 10 18 /cm 3 . 
[0036] 

There will be described below an example of the component 
ratio of the light emission layer 5 and the clad layers, that 
is, the p layer 61 and the contact layer 62 and the crystal growth 
conditions when the light emission peak wavelength is set to 
430nm with zinc (Zn) and silicon (Si) as a light emission center. 
After forming the high carrier density n + layer 4, the 
temperature of the sapphire substrate 1 is maintained at lOOO'C 
to admit N 2 or H 2 at 20 liter/min, NH 3 at 10 liter/min, TMG at 
1.53 X 10" 4 mol/min, DMZ at 2 X 10" 7 mol/min, and silane at 10 
X 10" 9 mol/min. There is formed a light emission layer 5 of zinc 
(Zn)- and silicon (Si) -doped GaN having a film thickness of 
about 0.5/zm. 
[0037] 

The temperature is maintained at 1000°C to admit, for 7 
minutes, N 2 or H 2 at 20 liter/min, NH 3 at 10 liter/min, TMG at 
1.12 X 10" 4 mol/min, TMA at 0.47 X 10" 4 mol/min, and CP 2 Mg at 
2 X 10" 7 mol/min. There is formed a p layer 61 of magnesium 
(Mg) -doped Al oa Ga 0-9 N having a film thickness of about O.Sju 
m. In this stage, the p layer 61 is an insulator having a 
resistivity of above 10 8 Qcm. The density of magnesium (Mg) in 
the p layer 61 is lXl0 19 /cm 3 . 
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[0038] 

The temperature is maintained at 1000°C to admit N 2 or H 2 
at 20 liter/min, NH 3 at 10 liter/min, TMG at 1. 12 X 10" 4 mol/min, 
and CP 2 Mg at 2 X10" 4 mol/min. There is formed a contact layer 
62 of magnesium (Mg) -doped GaN having a film thickness of about 
0.5/zm. The density of magnesium (Mg) of the contact layer 62 
is 1 X 10 20 /cm 3 . In this state, the contact layer 62 is an 
insulator having a resistivity of above 10 8 Qcm. 
[0039] 

A reflection electron diffraction apparatus is used to 
uniformly irradiate an electron beam onto the p layer 61 and 
the contact layer 62. The electron beam irradiation conditions 
are the same as those of Embodiment 1. With the electron beam 
irraidation, the p layer 61 and the contact layer 62 become a 
p conduction type semiconductor having a hole density of 2 X 
10 17 /cm 3 and a resistivity of 2Qcm. 
[0040] 

As described above, the light-emitting diode 10 of a 
single hetero junction and in which a zinc (Zc) acceptor and 
a silicon (Si) donor are doped into the light emission layer 
5. In Fourth Embodiment, magnesium (Mg) is doped into the light 
emission layer 5 to irradiate an electron beam thereto to allow 
the light emission layer 5 to be of a p conduction type. 
[0041] 

[Fifth Embodiment] 
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Unlike Fourth Embodiment, as shown in Fig. 11, a light 
emission layer 5 is formed by Al^Ga^^N into which zinc (Zn) 
and silicon (Si) are doped at the same time, a p layer 61 is 
formed by magnesium (Mg) -doped Al- xl Ga 1 . xl N / and a high carrier 
density n + layer 4 is formed by silicon (Si) -doped Al^Ga^N. 
The component ratio xl, x2 and x3 is set so as to form a double 
hetero junction and a single hetero junction in which the 
bandgap of the light emission layer 5 is smaller than that of 
the high carrier density n + layer 4 and the p layer 61. The double 
hetero junction and the single hetero junction confine the 
carrier of the light emission layer 5 to increase the light 
emission brightness. The light emission layer 5 may be of 
semi-insulation, a p conduction type, or an n conduction type. 
[0042] 

[Sixth Embodiment] 

A light emission layer 5 of Sixth Embodiment is different 
from the light emission layer 5 of Fifth Embodiment. As shown 
in Fig. 12, the light emission layer 5 may be formed by Ga^n^N 
into which zinc (Zn) and silicon (Si) are doped at the same time, 
a p layer 61 may be formed by magnesium (Mg) -doped Al xl Ga!_ xl N, 
and a high carrier density n + layer 4 may be formed by 
silicon-doped Al x2 Ga 1 _ x2 N. The component ratio xl, y and x2 is 
set so as to form a double hetero junction in which the bandgap 
of the light emission layer 5 is smaller than that of the high 
carrier density n + layer 4 and the p layer 61. The double hetero 
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junction and the single hetero junction confine the carrier of 
the light emission layer 5 to increase the light emission 
brightness . The light emission layer 5 may be of semi-insulation, 
a p conduction type, or an n conduction type. 
[0043] 

In Fig. 13, a light-emitting diode 10 has a sapphire 
substrate 1. A buffer layer 2 of A1N of 500 A is formed on the 
sapphire substrate 1. On the buffer layer 2, there are formed 
sequentially, a high carrier density n + layer 4 of silicon- 
doped GaN having a film thickness of about 4 . 0 \i m and an electron 
density of 2 X 10 18 /cm 3 , a light emission layer 5 of zinc- and 
silicon-doped Ga 0>94 In 0 . 06 N having a film thickness of about 0.5 
/im, a p layer 61 of magnesium-doped Al 0>1 Ga 0>9 N having a film 
thickness of about 0.5/xm and a hole density of 2 X 10 17 /cm 3 , 
and a contact layer 62 of magnesium-doped GaN having a film 
thickness of about 0 . 5 jjl m and a hole density of 2 X 10 17 /cm 3 . 
There are formed an electrode 7 formed by nickel connected to 
the contact layer 62 and an electrode 8 formed by nickel 
connected to the high carrier density n + 4 layer. The electrodes 
7 and 8 are electrically insulation-separated by a channel 9. 
[0044] 

A method for manufacturing a light-emitting diode 10 of 
this structure will be described. The buffer layer 2 of A1N is 
formed, as in First Embodiment. The temperature of the sapphire 
substrate 1 is maintained at 1150°C to form a high carrier 
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density n + layer 4 of silicon-doped GaN having a film thickness 
of about 4.0jum, and an electron density of 2 X 10 18 /cm 3 . 
[0045] 

There will be described below ah example of the component 
ratio of a light emission layer 5 and the clad layers, that is, 
a p layer 61 and a contact layer 62 and the crystal growth 
conditions when the light emission peak wavelength is set to 
450nm with zinc (Zn) and silicon (Si) as a light emission center . 
After forming the high carrier density n + layer 4, the 
temperature of the sapphire substrate 1 is maintained at 850°C 
to admit N 2 or H 2 at 20 liter/min, NH 3 at 10 liter/min, TMG at 
1.53 X 10" 4 mol/min, TMI at 0.02 X 10~ 4 mol/min, DMZ at 2 X 10~ 7 
mol/min, and silane at 10 X 10" 9 mol/min. There is formed a light 
emission layer 5 of zinc (Zn) - and silicon (Si) -doped Ga 0<94 In 0>06 N 
having a film thickness of about 0.5/zm. 
[0046] 

The temperature is maintained at 850°C to admit, for 7 
minutes, N 2 or H 2 at 20 liter/min, NH 3 at 10 liter/min, TMG at 
1.12 X 10~ 4 mol/min, TMA at 0.47 X 10" 4 mol/min, and CP 2 Mg at 
2 X 10" 7 mol/min. There is formed a p layer 61 of magnesium 
(Mg) -doped Al 01 Ga 09 N having a film thickness of about 0 . 5 ju 
m. In this stage, the p layer 61 is an insulator having a 
resistivity of above 10 8 Qcm. The density of magnesium (Mg) in 
the p layer 61 is lX10 19 /cm\ 
[0047] 
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The temperature is maintained at 850^ to admit N 2 or H 2 
at 20 liter/min, NH 3 at 10 liter/min, TMG at 1.12 X 10" 4 mol/min, 
and CP 2 Mg at 2 X10" 4 mol/min. There is formed a contact layer 
62 of magnesium (Mg) -doped GaN having a film thickness of about 
0.5jum. The density of magnesium (Mg) of the contact layer 62 
is 1 X 10 20 /cm 3 . In this state, the contact layer 62 is an 
insulator having a resistivity of above 10 8 Qcm. 
[0048] 

A reflection electron diffraction apparatus is used to 
uniformly irradiate an electron beam onto the p layer 61 and 
the contact layer 62. The electron beam irradiation conditions 
are the same as those of Embodiment 1. With the electron beam 
irradiation, the p layer 61 and the contact layer 62 become a 
p conduction type semiconductor having a hole density of 2 X 
10 17 /cm 3 and a resistivity of 2Qcm. 
[0049] 

In Embodiments 1 to 6, the light emission layer 5 may be 
of semi-insulation, a p conduction type, or an n conduction type . 
It is found that the densities of the zinc (Zn) and the silicon 
(Si) are preferably within 1 X 10 17 to 1 X 10 20 to increase the 
light emission intensity. More preferably, they are within 1 
X 10 18 to 1 X 10 19 . When it is smaller than 1 X 10 18 , the effect 
is low. When it is larger than 1 X 10 19 , the crystallinity is 
deteriorated. The density of the silicon (Si) is 10 times to 
1/10 smaller than that of the zinc (Zn) . More preferably, it 
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may be about 1 to 1/10 or smaller than that. 
[0050] 

The light emission layer 5 is of an i type (semi- 
insulation) when the density of silicon (Si) is higher than that 
of cadmium (Cd) . It is of an n conduction type when the density 
of silicon (Si) is lower than that of the cadmium (Cd) . 
[0051] 

The embodiments show an example in which cadmium (Cd) is 
used as an acceptor impurity and silicon (Si) is used as a donor 
impurity. As the acceptor impurity, beryllium (Be), magnesium 

(Mg) , zinc (Zn), cadmium (Cd) and mercury (Hg) maybe used. As 
the donor impurity, carbon (C) , silicon (Si) , germanium (Ge) , 
Tin (Sn) and lead (Pb) may be used. 

[0052] 

As the donor impurity, sulfur (S) , selenium (Se) and 
Tellurium (Te) may be used. To be of the p-type, it is possible 
to conduct heat annealing, heat treatment in an N 2 plasma gas, 
and laser irradiation as well as electron beam irradiation. 

[Brief Description of the Drawings] 

Fig. 1 is a block diagram showing the structure of a 
light-emitting diode according to a specific first embodiment 
of the present invention; 

Fig. 2 is a cross-sectional view showing a process for 
manufacturing the light-emitting diode of the embodiment; 
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Fig. 3 is a cross-sectional view showing a process fo 
manufacturing the light-emitting diode of the embodiment; 

Fig. 4 is a cross-sectional view showing a process fo 
manufacturing the light-emitting -- diode of the embodiment; 

Fig. 5 is a cross-sectional view showing a process fo 
manufacturing the light-emitting diode of the embodiment; 

Fig. 6 is a cross-sectional view showing a process fo 
manufacturing the light-emitting diode of the embodiment; 

Fig. 7 is a cross-sectional view showing a process for 
manufacturing the light-emitting diode of the embodiment; 

Fig. 8 is a block diagram showing the structure of a 
light-emitting diode according to a second embodiment; 

Fig. 9 is a block diagram showing the structure of a 
light-emitting diode according to a third embodiment; 

Fig. 10 is a block diagram showing the structure of a 
light-emitting diode according to a fourth embodiment; 

Fig. 11 is a block diagram showing the structure of a 
light-emitting diode according to a fifth embodiment; 

Fig. 12 is a block diagram showing the structure of a 
light-emitting diode according to a sixth embodiment; and 

Fig. 13 is a block diagram showing the structure of a 
light-emitting diode according to the sixth embodiment. 

[Descriiption of the Reference Numerals] 
10 Light-emitting diode 
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1 Sapphire substrate 

2 Buffer layer 

3 High carrier density n + layer 

4 High carrier density n + layer 

5 Light emission layer 

6 p layer 

61 p layer 

62 Cap layer 
7, 8 Electrode 
9 Channel 
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±11500 A<0A1N ©As^T^i^&SiltVi. ■£ 
tfV<'y7 7H2OT±lCli. HICl. J&J?#>4.0 Mm. 
Jgg2 X10 18 /cm 3 <75v'y 3^ K-7"GaN J^bfifcSiS)** 
y7SSn + !4, lliW).5 /xm. y = ^ K 

-7"OGaN ^b»£53&ft/l5, W>.5 nm, 
®g2 X 10 17 /cm 3 CO^ 9% > !7 A K-7*»A1 0 jGag gN 
H)S5pl6 1, if»?)0.5 dm, *-»WU& X10 
17 /cm 3 <0-7^->7A K— 7"C0GaN ^fefifc^ >^ h 
S 6 2A«$nT^5. *L"C. =^** 6 2{C 

[0035] W-s w <Dffi&<D%.%?-< *~ K 1 0 COM 

jfctrBMwovvriWJ-t-a. »iis««N:Bi«fc» ain » 

jflj*fcll5tfCfc«#U BBKKM.0 n m. 2X 
10 18 /cm 3 CDv'!; =^K— 7*cOGaN frb&Zft** 'J 7 SI 

[00 36] «T, E»(Zn> t •> .y 3 >'(Si) Sr*ft , f<> 
5. K®BP*>pJl6 1 . = 2cofflj£ 

.»flEn*"04fe»jSLfc«. tt^T. t7 7^7S«l 
.<&ffi&*1000nciCfia*U N 2 XfiH 2 £20 liter/#, NH 
3 *M01iter/£. TMG Sri. 53X10' 4 ^w/^. DMZ £ 
2 XIO" 7 *^/^. •>7V*10X10" 9 *-'W/^'Cj»A 
U ffiJNK)0.5< umnSSMZrdbfVa'sfSi) K-7eo 
GaN co$§3ta5£JfM;Lfc. 

[ o 0.3 7 ] ttvvtv «aiEfiriooot:k«»u, N 2 xiiii 2 

4:20 liter/ft. NH 3 * 101iter/#, TMG £1.12X10 
■ -4 ^l'/#, TMA £0.47X10 _<L t/l-/:», &U\ CP 2 Mg 
5r2XlO->^/^T-7 MAL, mCO - ?' 
^->7A(Mg)C0 K-T'^ixfcAlQ 1 Ga 0 g N *^)*2> p 
,16 l£J&&Lfc„ pi 6 l li*fc*r©k^T'}g^lO 
8 Qcm&±.C>1im#X'hZ>. p®6 lKJStfS-*^**' 
>7A(Mg)C0}ggtt, lxl0 19 /cra 3 -Cfo5. 
[0 0 3 8J Sc^T, ia*«rlOOtfCW*»U N 2 XliH 2 
£20 litt&^h NH 3 £ 101iter/^,TMG £1.12X10 
_4 *A/#, ,Rt>\ CP 2 Mg £2 XIO^/I'/t^AU 
|gli¥;£j0.5 /imtO-7^'>7^(Mg) -K-7*WGaN A»<bJ& 
5=>>^^ ha&2£fgfi)tL/c„ ^y;?;? 2C0-7 
^v'<7ACOiggl41 xl0 20 /cni 3 T*fe5. rOtRBTf 
11, 3V??H6 2li, jSlnflO 8 QdmW±cO 


^§3^7-312445 

6 ha 6 2lwH3HcS^«l£!*UtLfc < , 

?ftff>fgJtt£J:!K pa6 l&tfa:'** ha6 2li. 

2X10 l7 /cm 3 , tgfii$ 2QcmCO P e!gSiN9 

[0040] ±.s&n£ o lc-»y/u^^D»^-cJ53ti 
5 JCgfS (Zn) «7 ? -fc 7*? t y = V'CSi) CO K"*— £ £ 
- F-7l,K&jtf<<*- Kl 0£S^Lfc. ft. SfUH 
ttffllCdS^T. 5 v"7 A (Mg) £ K-7*L 

xvmtmtth ^ t x\ mm 5 £ p &m\t tx 

[004 1] m5ggfegi| 

%4mMMt&%*). mi 1 3 1« H3ta5t 

nm&iZn) bisD 3V(Si)A5|^^ K-7"^lxfcAl x 2Ga 
!_ x2 N . Pl.6 lli-7^->^7A(Mg)C0K-7'$^fcAl 
xl Cai_ xl N , m* J r»Tmg.n + a4l±->y 3V(Si)CO 

K — ^ ^ ixfcAl x3G a i-x3^ ^tt, 
iafigttxl.x2.x3H, ^3ta5CO^<VK^^5'7'A 5 iS^f^ 

yrg^n + a4, p!6 lro/^K^-YS'T'lCttLT 

^7og^i:i "9^)ta 5 T-codf-+ y tcoK 

[0042]^6SMil 

2»— Kts*9,.-.iai 2ic^M-«tpu, %7ta5iaigi 

&(Zn) t -V y => ^(Si) i?l^^f{C K-7"$ ftfcGa y In 1 _ y N 
. p Jl 6 1 ft-* >f* > 7 A (Mg) to K— 7* $ JxfcAl xl Ga 

x _ xl N , U*+!)7Wtn* H4tt->y =y(Si)oK-. 
7*$ttfcAl x2 Ga 1 _ x2 N T-TFfiS;UTSV\ ^UT, M^Jt 
xl,y.x2 %7ta5<0^<^K^f-ry7'i45iB^-ryTS 
gn* 14. P I6 \<0;<>VY¥'r y7\z1tiLX'b$< 

•CO** y TcoW Z\k£>&'ftt>ti. &%M&tffa±.1r 
■ i. «. 327fca5l±¥ii&&tt, pfi^S. ae«3!©v^ 

[ 0 0 4 3 ] m 1 3lCfc^-C, 3Sjfc?y K 1 o»t, 
. t77-f7SSl^U±59. -tC0-7-7r-<TSffil 

. ±IC500 Acoain co^<y7ra2a J ^fi£5tvcv^o -t 

<D'<y 7 2 £0±lCIL JEK, Bg^4.0 urn, 1;^ 
jgg2 X10 18 /cm 3 tO->y =>^K-7*GaN fl»b$5ili*ir 
y7MSn + S4. RKKKLS.vm. ffifSS^y^^K 
-TVXIao 941^ 06 N i6^fiS5^7£S 5 , KJf^O. 5 m 
m. *-^SS2 X10 17 /cm 3 £O-=?/^->l7A K-T'COAI 

0. l Ga 0. 9 N Pl61. BWfiO. 5 n m. 

jgg2 X10 17 /on 3 CO^^i/!7A K— 7"<OGaN A'bfifcS 
ha6 2)J5}Kfi£$ixTl^. *LT. 


(6) 


#$¥7-312445 


[004 4] rtOtSitO%pty^ 7t— K 1 0(Om 

fi^ifeiro^-cttM-t-*. SB l «S«lfc ain © 

Efi£llWCfc«8U §S®ft4.0 nm. 2X 
lO 18 /cm 3 0V>l> 3 V K— TVXJaN *»£>j£5iK* + !> Tig 
gn + Jf 4 4rJBE)ibfc. 
[ 0 0 4 5 ] »T» E»(Zn> t >s 9 = > (Si) 

tf>?Sg4-850 tJfcflHGU N 2 XI1H 2 4:20 liter/$h NH 
3 % 101iter/#, TOG fci.saxHT 4 */!'/^ TMI 4: 
0.02Xl<r 4 ^/l'/#> DMZ 5:2 XIO -7 *^/^ ->7^ 
frlOXlO" 9 */i'/£-tf»AU WSfiO.5 /zmW&fStt 
n) t -> y => V(Si) K-T'OGao 94 In 0 06 N <mm 5 4: 

[0 0 4 6] J^^T. flUE«:850.1CK«»U N 2 XliH 2 
£20 liter/ft, NH 3 4: lOliter/^, TOG 4:1.12X10 
-4^. /U /^ TMA &0.47Xl(r 4 */l'/$h Stf. CP 2 Mg 
4:2 XUT 7 ^AL- BWft.a5 Atm©^" 

^->r>A(Mg)C0 K— 7*^iXtAl 0 iGa 0 gN a»e>J&3 p 
J61 4rJfcf* Lfc. P ® 6 1 l**/*r. <Dtt*-C«tt*10 
8 QcmEiJKDitfe^^T-fcS. PS6 lliJSffST^S' 
?A(Mg)<£>ig&li* lX10 19 /cra 3 -C*fo5. 
[0 0 4 7] tttvC,. fig4:850 "CKi&SU H 2 Xm 2 
4-20 liter/^, NH 3 4: lOliter/^, TOG 4:1.12X10 
'~ 4 ^w/5>, RtJ\ CP 2 Mg 4:2 xio~ 4 */k/#jgAU 
gj^)0.5 Atm<0-7^->!>A(Mg) K-7*<DGaN A^fiK 
•5 = ^** hB6-2*»?JJtLfc. 
{f*i/VJ*<D&m*\ X10 20 /cra 3 T'*>5„ -ro^figX' 

imwx'fo*. . . 

[0 0 4 8] fiOH*f»00r30I&/fl^T. pi 

6 M6 2ir-«lcm^4:KJ+t^o 

A** 2X10 17 /cm 3 , SSI* 2QcnWpejgS^ 

[004 9] ±I&33S 1 ~B 6 20S«C:l31r vC, IBftS 
5HtfMft»tt. p©*£. n©»a©^.fil-C , bftV^ 

tt, i x i o 17 ~ l x l 0 2 °tf>SSHa53S3fc&g4:l6}±£ 

xio l8 ~i xio 19 ro©ffl^fi^\ l xio 18 it)'>^v^ 

x!ima J/ >ft<, i xio 19 «t'9#^tJ£ffltt^<^2>. 


1/1075S»*L<, $blCff^L<« 1 ~l/10<DP.S}fig 

[0 0 5 0] X. £3fll5li. * KS ?A(Cd)ggJ:>J 
b~>>) a^SOffiStfWtfttf. iSK ^j^ttt) , * 
?A(Cd)&gJ:9 =^<Si)jggaM£l7illin 

[oo 5 l ] X, ±IEHiS^r-ii. 7*-fc^***MMc 
* K 5 7 * (Cd) v K-J— >y D = > (Si) 4rffl ^ fc 
{*J4:*L;fc;4\ T9-*79*WUtt*'< } ) U *A(Be), 
^^ffrXMgh iEiSCZn), #K5l7A(Cdh *£8(H 

(C) , ->y=3^(Si), yAT = *3.(Ge). ^(Sn), IS(P 

b)4:fflV^rtiSx-t5o' . 
[005 2] ^ bic. K-t-T*6®)t LT, 4*? (S) 
, iruv(Se), x/Wu(Te)4rffll'^C.i:'bTt5. p 

■Ht, ^T-cofHijaS, i — ifSgMl- J; 9 ft ? r t * 5 T-# 

[Hffi«fS5»*lft?3] 

[01] 1 *lS««J:«S*3ty'f * 

[02] Ifi^iS^o^^ ^— K«>*Hiie** t it 

[03] mWSm<r)ft%?<< K<a8K£XH4:^ Ufc 
KrBSBL. 

[0 4 ] BSBftWroa*^ KWSSitXS4:^ Lfc 
»rS0. 

[05] m£MW<o&ftf-< K'roSBftlSft* Lfc 

[0 6 ] ID3!;!S#l<7)gft*V ^— KroSUiSXS*:* L-fc 
frS0o 

im 7 ] Wi%%W<?m%.?<< KroKitlSS:^ 
»rffi0. 

[0 8 ] % 2 ^JSfitc#.5iil?fet/-< f^— W>«#** L 

[091^3 Jltt«t4*5*3fe^-< ^- KOflU**» L 

[01 0] '*4J!««t«***^*- KO«*Sr* ' 

[011] m5^i£Wc«5IS3t^^— K©«**J5 

[012] ^6^JSWtc^5IS*^^— KrotM4:^ 

[0131^6 ■mmz.^Wk^^ is— KO«j£«r* 
LfctS«0. 
[??#<0§lK] 

1- 477^7^ 

2- v<y77i 


(7) 
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4-il;*-ty7ggn + 
5 

6~pM 
6 1 — pi! 


imi) 


6 2-*-r y7fi 

7, 8- -as 

9-» 


[02] 


[113] 


7 Hi 



6 MAIoGsi-.i),lni-MN(!to4opad) 

5 i-(AI.. Ga,-.,)..ln,-„K(CdSi-doped) 

4 nMAI,»Gai-.i )„ln,-„N(Si-dcped) 

3 rT-fc* 

2 AIM 

1 Sapphire 



B A 


12 


WM/JTSS/S/S/s. 


— 6 



[04] 


IMS) 


l®6\ 


sssssssssssssss 


[117] 



[H8] 


7 Ni 



i 


6 p-(Al.iG>i-i).tn«- v iN(VB-<lop»d) 

5 i-(Al.i Cai-i),.tn.-MN(2aSi-<Joped) 

4 n*-(AI„Gat-.» ),,ln,-,,NtSi-ocp*d) 

2 AIN 

I Sapphire' 


7 Ni 


m i o i 


10 

8 Ni 5 



62 p-GeN(H9-tbpedr 

5 GsN(2h, Si-tkped) 
4 nMaN(Si-*fcpod) 
2 AIH 

I Sapphire 


(8) 
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[09] 


[Hill 



TNI 


6 HAI.i&i-.t)Jn.^iK(lb-dopBd). 

5 p-(AI. ) Ga,-.,),.in,-..K(aai Zn-dcpad) 

4 nMA1.tGai-.i).*lni-,tN(Si-tfepcd) 

3 n*-feaN 

2 AIN 

1 Sapphire 


imi 2] 

8M ^ 


7 Hi 




62 p~&Wlfe-cbpedr 

61 p-AI..Ga,- k iNCM8-doped) 

5 iHSa,ln,- y N(2d Si-dcped) 

4 Al.m Ga,-.,N{Si-^opad) 

2 AIN 

1 Saw* ire 


*5 i-AI,iGB,-.,N(Zn Si-tfaped) 

*2 AIN 
1 Sapphire 



62 p-GtfCHj-dbped)- 

61 p-AU. .Go,. .N(tto-doped) 

5 i-Cs.. ,.ln«...Ht2n. Si-doped) 

♦ Al.. ,Ca.. .N(Si-dcped) 

2 AIN 

1 Sapphl ra 


(72)*W#"$B iE® 

(.n)mw% urn .a* 

4,-. 


(73 fe* 

(72)isw# m t& 

s& as# b b zrttt&tt&w i 

'(72)*Wf mm . 

g*omS# B#SB# B BT*^8S^*0 1 


